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The role and significance of descending regulation of pain has received much 
attention due to its implications in the development and maintenance of pathological 
pain that can be associated with central sensitization. In the present series of studies, 
contributions of descending pain facilitatory and inhibitory pathways to behavioral 
pain responses were assessed under physiological conditions in humans and rats, 
under a simulated weightlessness condition in rats, and in an experimental model of 
Parkinson’s disease (PD) in rats. In all experimental conditions, a long-term 
activation of descending pain modulatory pathways was induced by noxious 
conditioning stimulation to allow determining whether the studied experimental 
procedures cause decreases or increases in the activity of descending pathways. For 
noxious conditioning, acute muscle nociception was induced by intramuscular 
injection of 5.8% hypertonic saline. Secondary mechanical hyperalgesia 
(hyperalgesia outside of the injected muscle region) was used as an index of the 
magnitude of descending facilitation, and secondary heat hypoalgesia as an index of 
the magnitude of descending inhibition. To explore whether heating-needle 
stimulation can promote analgesia due to modulation of descending pain controls, 
the effect of heating-needle stimulation on descending facilitation and inhibition was 
also determined in different experimental conditions of the present study. To study 
whether thalamic dopamine is involved in descending modulation of pain, the effects 
induced by microinjections of dopamine or dopamine D2 receptor antagonist into 
the thalamic mediodorsal (MD) / ventromedial (VM) nuclei on descending pain 
modulation were evaluated. Furthermore, expression of Fos, a marker of neuronal 
activation, was determined in the spinal cord dorsal horn to reveal a spinal neuronal 
correlate for descending pain modulation.  
 
In the current series of studies, simulated weightlessness and a partial depletion 
of dopamine in the striatum enhanced endogenous descending facilitation and 
depressed descending inhibition. In the spinal dorsal horn, changes in Fos 
expression in the superficial layers were associated with changes in descending 
facilitation and those in the middle/deep layers with changes in descending 
inhibition. Intramuscular (i.m.) heating-needle stimulation at an innocuous 
temperature of 43 C triggered descending inhibition without concomitant activation 
of descending facilitation both in physiological conditions and in experimental 
model of PD. In the PD model, dopamine D2 receptors in the thalamic VM nucleus 
were involved in mediating the enhancement of descending pain inhibition induced 
by heating-needle stimulation applied at the temperature of 43 C. In humans, i.m. 
heating-needle stimulation applied at the non-painful temperature of 43 C enhanced 
selectively descending inhibition, and it may be explained by a difference in the 
density of capsaicin- and heat-sensitive fibers innervating these heating-needle 
stimulation targets. Injection of capsaicin that selectively activates C-fibers produced 
stronger pain in acupoints than in non-acupoints.
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The results indicate that pronociceptive changes in descending pain modulatory 
circuits contribute to pain facilitation under simulated weightlessness and in the 
model of PD. I.m. heating-needle stimulation at an innocuous temperature of 43 C 
provides a treatment method that promotes antinociception in these 
pathophysiological as well as physiological conditions through a selective 
recruitment of descending pain inhibitory circuits. Dopamine D2 receptors in the 
thalamic VM nucleus are mediating the attenuation of pain by heating-needle 
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ABSTRAKTI
Tässä työsarjassa tutkittiin aivoista selkäytimeen laskevan 
kivunmuuntelujärjestelmän toimintaa ja merkitystä fysiologisissa ja eräissä 
patofysiologissa tilanteissa ihmisillä sekä koe-eläimillä (rotilla). Koe-eläimillä 
aikaansaatiin patofysiologinen tilanne joko painotonta olosuhdetta simuloivalla 
tilalla tai kemiallisesti aikaansaadulla kokeellisella Parkinsonin taudilla. Kaikissa 
olosuhteissa niin ihmisellä kuin koe-eläimillä aktivoitiin pitkäkestoisesti laskevat 
kivunmuuntelujärjestelmät antamalla toispuoleisesti raajan lihakseen hypertonista 
keittosuolaa. Laskevan kipua fasilitoivan järjestelmän aktivaation mittarina 
määritettiin mekaanisen kipukynnyksen alentuminen (mekaaninen hyperalgesia). 
Laskevan kipua inhiboivan järjestelmän aktivaation mittarina määritettiin 
kuumakipukynnyksen nousu (kuumahypoalgesia). Kynnysmääritykset tehtiin 
ihoalueella, joka oli etäällä hypertonisella keittosuolalla käsitellystä lihaksesta, 
minkä vuoksi kynnysmuutokset kuvastavat keskushermostollisiin mekanismeihin 
perustuvaa sekundaarista hyperalgesiaa tai hypoalgesiaa. Työsarjassa selvitettiin 
myös kuumaneulastimulaation terapeuttista vaikutusta ja vaikutusmekanismia 
kivulle herkistymiseen. Mediaalisen talamuksen dopamiinihermotuksen merkitystä 
laskevan kivunmuuntelujärjestelmän toiminnan häiriölle tutkittiin annostelemalla 
mediaalisen talamuksen tumakkeisiin dopamiinia tai dopamiini D2 reseptorin 
antagonistia. Mediaalisessa talamuksessa tutkimuksen kohteena olivat 
mediodorsaalinen (MD) tumake ja ventromediaalinen (VM) tumake. Lisäksi 
tutkittiin selkäytimen takasarven eri solukerrosten osuutta laskevassa kivun 
muuntelussa käyttäen hermosolujen toiminnan mittarina c-FOS-merkkiaineen 
ilmentymistä.   
 
Painotonta olosuhdetta simuloiva tila sekä kokeellinen Parkinsonin tauti 
vahvistivat kivun laskevaa fasilitaatiota ja vaimensivat kivun laskevaa inhibitiota. 
Selkäytimen takasarvessa laskeva fasilitaatio korreloi hermosoluaktiviteetin 
muutoksiin selkäytimen takasarven pinnallisissa solukerroksissa, kun taas laskeva 
inhibitio korreloi muutoksiin takasarven syvempien solukerrosten 
hermosoluaktiviteetissa. Kivuton kuumaneulastimulaatio 43oC lämpötilassa olevilla 
neuloilla vahvisti selektiivisesti kivun laskevaa inhibitiota koe-eläimillä sekä 
fysiologissa oloissa että kokeellisessa Parkinsonin tautimallissa. Mediaalisen 
talamuksen VM-tumakkeen dopamiini 2-reseptori oli välittämässä 
kuumaneulastimulaation kipua inhiboivaa vaikutusta Parkinsonin tautimallissa. 
Myös ihmiskokeissa kivuton kuumaneulastimulaatio 43oC lämpötilassa olevilla 
neuloilla vahvisti selektiivisesti kivun laskevaa inhibitiota. Ihmiskoetulokset 
osoittivat, että ääreishermoista C-syyt ovat keskeisiä kuumaneulastimulaation 
vaikutuksen välittäjiä, koska kuumaneulastimulaation terapeuttinen vaikutus oli 
voimakkain, kun stimuloitiin ihoaluetta, jossa C-syitä selektiivisesti aktivoiva 
kemiallinen aine kapsaisiini aiheutti voimakkaimman poltteen.
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6 
Työsarjan tulokset osoittavat, että kipua lisäävät muutokset laskevissa kivun 
muuntelujärjestelmissä ovat myötävaikuttamassa kipuherkkyyden lisääntymiseen 
painotonta tilaa simuloivissa olosuhteissa ja kokeellisessa Parkinsonin taudissa. 
Kivuttoman kuumaneulastimulaation avulla on mahdollista vahvistaa selektiivisesti 
laskevaa kivun inhibitiota ja siten vähentää kivulle herkistymistä niin fysiologisissa 
kuin patofysiologisissa tilanteissa. Mediaalisen talamuksen VM-tumakkeen 
dopamiini D2-reseptori välittää kuumaneulastimulaation kivulle herkistymistä 
vähentävän vaikutuksen kokeellisessa Parkinsonin taudissa.
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Nociception is the response of sensory nervous system to harmful or potentially 
harmful stimuli. Physiological and behavioral responses triggered by nociception 
cause a subjective distressing feeling, pain. Usually, induction of pain is 
accompanied by activation of pain modulation (Yam et al., 2018). 
 
It is well known that endogenous descending modulation of pain consists of 
descending facilitation and inhibition. Changes in descending pain modulation 
play important roles in chronic pain and central sensitization, such as induction 
and maintenance of allodynia or hyperalgesia (Fields, 1992; Millan, 2002). 
Consequently, pathological pain could be alleviated when descending inhibition 
were enhanced and descending facilitation suppressed by various pharmacological 
and non-pharmacological methods. It has been reported that descending 
modulation of pain is not active under physiological conditions, while it can be 
activated by a sufficient amount of inputs from peripheral C-fiber afferents. Most 
importantly, the triggering threshold of descending inhibition is significantly 
higher than that of descending facilitation (You et al., 2010, 2013; Lei et al., 2011, 
2013).  
 
Astronauts often suffer from skeletal muscle pain both during spaceflight and 
after returning to the earth. Importantly, muscle pain in astronauts is more serious 
than that in ordinary muscle pain patients (Buchanan & Convertino, 1989; Riley et 
al., 1995; Ali et al., 2009). However, whether there are changes in descending mod-
ulation of pain under weightlessness is less known. Parkinson's disease (PD) is a 
common neurodegenerative disorder associated with a dopaminergic deficiency 
and is characterized mainly by motor symptoms. However, pain is an early symp-
tom during the development of PD, and pain has a high prevalence in PD patients 
(Beiske et al., 2009; Buhmann et al., 2017). Dopaminergic deficiency is characteris-
tic for PD and the dopaminergic system regulates pain and nociception due to ac-
tion on a number of central structures involved in descending control of pain 
(Chudler & Dong, 1995; Wood, 2008). Consequently, it remains to be studied and 
revealed whether the development of PD and thereby dopaminergic deficiency is 
accompanied by a dysfunction in descending modulation of pain.
 
Traditional Chinese acupuncture has been used to relieve pain for thousands of 
years. Previous studies showed that needle stimulation at acupoints along different 
meridians could exert long-term analgesia (Chiang et al., 1973; Han et al., 2003; 
You et al., 2006). Moreover, there are results suggesting that C-afferents 
innervating the acupoint area are involved in the acupuncture-induced analgesia 
(Zhu et al., 1990; Radhakrishnan & Sluka, 2005). To date, it is still not clear how 
acupuncture recruits circuits involved in descending modulation of pain. 
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Earlier experimental studies indicate that two specific thalamic nuclei, the 
mediodorsal (MD) nucleus and the ventromedial (VM) nucleus, act as a ‘Thalamic 
nociceptive discriminator’ and exhibit distinct roles in evoking activities of 
descending facilitatory and inhibitory controls upon noxious mechanically and 
heat evoked nociception (Lei & You, 2013; You et al., 2013, 2016). There are both 
nociceptive and non-nociceptive primary afferent C-fibers (Besson & Chaouch, 
1987). It has been thus hypothesized that descending inhibitory controls could be 
triggered by non-painful heat stimulation of non-nociceptive C-afferents, without 
accompanying activation of descending facilitatory controls (You et al., 2013). Veri-
fication of this hypothesis still needs experimental evidence.
 
Taken together, the purpose of the current series of studies was to explore 
descending modulation of pain in humans under physiological conditions (Study 
II), in rats under simulated weightlessness condition (Study I), and in rats under a 
pathological state (with an experimental model of PD) (Study III). Additionally, the 
present studies assessed whether intramuscular (i.m.) heating-needle stimulation, 
a modification of Chinese traditional medicine treatment methods, applied at a 
non-painful (43 C) temperature has analgesic effects that are due to action on 
descending modulation of pain under physiological conditions in healthy human 
subjects (Study II) and in an experimental rat model of PD (Study III). 
Furthermore, the potential contribution of the thalamic dopamine D2 receptors 
(Study III) to the i.m. heating-needle stimulation induced changes in descending 
pain modulation was explored. 
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2 REVIEW OF LITERATURE
Pain is defined by the International Association for the Study of Pain (IASP 2011) 
as an unpleasant sensory and emotional experience associated with actual or 
potential tissue damage, or described in terms of such damage. Normally, 
physiological pain is experienced as an acute event and serves protective function. 
Pain as a sensory experience has two main components that have partly different 
underlying neurobiological mechanisms: i) Sensory-discriminative component that 
tells about the location, quality and quantity of painful stimulation, ii) 
Affective-emotional component that tells about unpleasantness and suffering. 
Pathological pain is pain expressed in pathophysiological conditions such as 
neuropathy, diabetes, inflammation and cancer. Among features characterizing 
pathological pain are hyperalgesia (increased sensitivity to painful stimuli) and 
allodynia (pain sensation evoked by innocuous stimuli) (Kuner, 2010).  
2.1 ASCENDING PAIN PATHWAYS
The ascending pain pathway carries nociceptive signals from peripheral tissues to 
the brain where pain is perceived. Peripheral nociceptors are responsible for the 
detection of noxious stimuli. Peripheral nociceptors are free nerve endings that 
express various ion channel receptors that transduce noxious stimuli into 
nociceptive neuronal signals. Among nociceptive transducers are a family of 
transient receptor potential channels (Jardin et al., 2017). From the periphery, 
nociceptive signals are carried by primary afferent A  and C fibers that are 
distributed in different tissues throughout the body. A  fibers are myelinated 
afferents with a medium diameter. They are responsible for the transmission of 
well-localized ‘fast’ pain. C fibers are thin unmyelinated afferents that are 
responsible for transmission of poorly localized ‘slow’ pain (Treede et al., 1998; 
Yam et al., 2018). A  and C fibers transmit information to nociceptive specific 
neurons in lamina I and II of the spinal cord dorsal horn. In the spinal dorsal horn, 
nociceptive-specific projection neurons are located mainly in lamina I and 
scattered through lamina III-VI (You et al., 2008). Another common type of 
nociceptive projection cell in the lamina V of the spinal dorsal horn is 
wide-dynamic range neuron that receives convergent inputs from nociceptive and 
non-nociceptive primary afferent nerve fibers (You et al., 2003). The axons of the 
spinal projection cells cross the midline and ascend in the spinal white matter 
contralaterally as the spinothalamic tract and the spinoreticular tract that 
innervate the thalamus and other brainstem structures. The third-order 
nociceptive neurons in the thalamus send ascending projections to the primary 
somatosensory (Bell, 2018) and other cortical areas (Harris et al., 2019). Ascending 
pain pathways are illustrated in Figure 1a.
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2.2 ENDOGENEOUS DESCENDING PAIN MODULATION 
PATHWAY
Nociceptive information ascending from the periphery to the cerebral cortex is 
controlled at various levels of the neuraxis by descending modulatory systems 
originating in multiple areas of the central nervous system (Millan, 2002; 
Pertovaara & Almeida, 2006). Endogenous descending modulation of pain consists 
of descending facilitation and descending inhibition. Because of the crucial role of 
descending modulation of pain in central sensitization and in induction and 
maintennance of pathological pain, better understanding of the underlying 
mechanisms and pathophysiology of descending modulation of pain will be of 
importance for the development of more effective pain treatments.  
 
Endogenous descending pain modulation derives from different areas in the 
central nervous system, including the cerebral cortex, thalamus and brain stem. 
The study of the descending modulation of pain started after it was for the first 
time reported that sustained analgesia could be induced by electrical stimulation of 
the midbrain periaqueductal grey matter (PAG) (Reynolds, 1969). After that it was 
found that stimulation of also other sites in the brainstem, such as the nucleus 
raphe magnus (NRM) or adjacent reticular formation, has analgesic effects 
(Basbaum & Fields, 1978). It has been generally accepted that the PAG sends 
projections to noradrenergic pontine nuclei and the rostroventromedial medulla 
(RVM) that through pathways descending in the spinal dorsolateral funiculus 
induce inhibitory modulation of nociception at the level of the spinal cord. 
Additionally, descending projections from the PAG that relay in the RVM induce 
facilitatory effect on spinal nociception via pathways descending in the spinal 
ventrolatral funiculus (Bajic & Proudfit 1999; Odeh & Antal, 2001). Thalamus may 
activate the brainstem nuclei involved in descending pain modulation either 
through direct descending projections (Marini & Tredici, 1995) or through 
ascending projections to cortical areas that further project to the PAG and other 
brainstem nuclei involved in descending pain regulation (for further details, see 
section 2.3 and section on “Withdrawal reflex” in the Discussion). Results of a 
recent lesion study showed that the dorsal funiculus is also involved in descending 
facilitation of pain behavior (Lei & You, 2013). The pathways involved in 
descending modulation of pain are shown in Figure 1b. 

















Figure 1 Ascending pain pathways and descending modulatory pain pathways
a: ascending pain pathways, b: descending modulatory pain pathways, ACC: anterior cingulate cortex,
A11: hypothalamic nuclei, Amy: amygdala, INS: insular cortex, Hy: hypothalamus, LC: locus coeruleus, 
RVM: rostral ventromedial medulla, PAG: periaqueductal grey, Th: thalamus (modified from Cury et al.,
2016)
2.3 ROLES OF THE THALAMUS IN PAIN PERCEPTION AND 
PAIN MODULATION
In animals with a developed cerebral cortex, thalamus is the most important relay 
station for sensory information arriving in the cortex. Various sensory pathways 
(except for those involved in olfaction) have a relay neuron in the thalamus, after 
which the sensory signal is carried to different areas in the cerebral cortex. The 
thalamus is located in the diencephalon part of the brain, below the cortex and 
above the midbrain. According to the anatomy and electrophysiological evidences, 
the somatosensory-related thalamic structures are divided into lateral and medial 
subdivisions. The lateral thalamic pain pathway includes the ventral posterolateral 
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nuclei (VPL) and posterior nuclei, and it is responsible for the sensory-
discriminative dimensions of pain. The medial pathway consists of intralaminar 
nuclei, medial dorsal (MD) nucleus and other midline nuclei, such as ventromedial 
nucleus (VM). The medial pathway receives projections from the dorsal 
spinothalamic tract (Zhang et al., 1990), and is involved in the affective aspect of 
pain associated with emotional responses (Melzack & Casey, 1968). Additionally, 
thalamus receives descending inputs from the cortex (Yuan et al., 1985) and is con-
nected with the hypothalamus and the striatum.
 
Electrophysiological studies have shown that neurons in the VPL nucleus 
respond to noxious and innoxious stimuli. Neurons in VPL have fixed receptive 
fields and respond accurately to stimuli of different intensities (Berkley et al., 1993; 
Harding-Forrester & Feldman, 2018). In addition, noxious stimuli could activate 
other thalamic nuclei, such as intralaminar nuclei, inferior central nucleus, 
posterior nuclei, and VM nucleus (Peschanski et al., 1981; Miletic & Coffield, 1989; 
Apkarian & Shi, 1994; Bester et al., 1999; Monconduit et al., 2003). However, 
noxious stimuli could depress the activity of the thalamic reticular nucleus, which 
is thought to play an important role in the regulation of sensory information 
processing, as thalamic reticular nucleus sends projections to the VPL and ventral 
basal ganglia (Alitto & Usrey, 2003). In line with experimental animal results, 
human brain imaging studies showed activation of the thalamus following noxious 
stimulation in healthy subjects (Casey et al., 1994; Derbyshire & Jones, 1998). 
Numerous studies have shown that the thalamus plays crucial roles not only in 
transmission of painful signals but also in pain facilitation. Increased peripheral 
responses and decreased thresholds of neurons in the VPL and ventral 
posteromedial (VPM) nucleus were observed following peripheral nerve injury or 
inflammation in rats (Guilbaud et al., 1980; 1986). Deep brain stimulation at 
VPL/VPM exerted pain relief in patients with chronic pain (Boccard et al., 2015). 
In neuropathic rats, increased cerebral blood flow was found in thalamic VPL, VM 
and posterior nuclei (Paulson et al., 2000). In human brain imaging studies, 
enhanced activities in the medial thalamus were found with innocuous thermal 
stimulation in subjects with heat allodynia (Lorenz & Casey, 2005).  
 
In more recent studies performed with conscious rats, pain regulatory pathways 
with relays in the thalamus were connected to the early-developed, long-lasting 
secondary mechanical hyperalgesia and the late-developed, long term secondary 
heat hypoalgesia triggered by hypertonic saline-induced muscle pain (You et al., 
2010). Neither mechanical hyperalgesia nor heat hypoalgesia was induced by i.m. 
injection of hypertonic saline in rats with a lesion of PAG and RVM. These findings 
indicate that the PAG-RVM-spinal cord pathway played a role in the generation of 
the mechanical hyperalgesia and hypoalgesia induced by i.m. injection of 
hypertonic saline (You et al., 2010; Lei et al., 2014). After exploring the potential 
pain regulatory role of thalamic nuclei one by one, the concept of the ‘thalamic 
nociceptive discriminator’ was introduced. According to it, thalamic mediodorsal 
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(MD) and ventromedial (VM) nuclei act as ‘thalamic nociceptive discriminators’ to 
discriminate inputs from nociceptive A  and C-fiber afferents. In line with this 
concept, the thalamic MD nucleus was shown to be involved in a circuitry that 
promotes descending facilitation of responses to noxious mechanical stimulation, 
whereas the thalamic VM nucleus was shown to play a pivotal role in a circuitry 
promoting descending inhibition of responses to noxious heat stimulation (You et 
al., 2013) (Figure 2). Further experiments showed that the triggering threshold of 
the descending facilitatory circuitry involving the thalamic MD nucleus is 
significantly lower than that of the descending inhibitory circuitry involving the 
VM nucleus. In addition, sex-related differences in the triggering thresholds of 
these descending facilitatory and inhibitory circuitries were found. Females had a 
lower triggering threshold of descending facilitation and higher triggering 
threshold of descending inhibition than males (Lei et al., 2011). Interestingly, no 
descending modulatory effect exerted by the thalamic nucleus Submedius (Sm) was 
observed in behavioral explorations (You et al., 2013), although an earlier 
neuroanatomical study suggested that based on its projections, the thalamic Sm 
nucleus might exert a role in endogenous analgesia (Coffield et al., 1992). 














Figure 2 Roles of thalamic MD/VM nuclei in endogenous descending modulation of pain
MD: mediodorsal nucleus, VM: ventromedial nucleus
2.4 NEUROTRANSMITTORS/RECEPTORS INVOLVED IN 
ENDOGENOUS DESCENDING MODULATION ON PAIN
2.4.1 OPIOID PEPTIDES/RECEPTORS
Opioids are among the most important endogenous substances involved in 
regulation of nociceptive signals. Opioid receptors consist of -, -, -opioid 
receptors and nociceptin/orphanin FQ receptors. The first three are classical 
opioid receptors. Opioid receptors are widely distributed in the peripheral and 
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central nervous system. It has been shown that the -opioid receptor is enriched in 
different brain areas such as the cerebral cortex, striatum, thalamus and brain stem. 
The -opioid receptor is enriched in the cerebral cortex, hipocampus, caudate 
putamen and nucleus accumbens. The -opioid receptor is expressed in the 
cerebral cortex, hippocampus, hypothalamus, thalamus, caudate putamen and 
nucleus accumbens (George et al., 1994). All these opioid receptors are expressed 
in the superficial laminae of the spinal cord dorsal horn (Gouard res et al., 1985). 
Several opioid-receptor subtypes have been found. The -opioid receptor has l 
and 2 subtypes, the -opioid receptor has 3 subtypes as 1, 2, and 3. The 
-opioid receptor consists of 1 and 2 subtypes. Opioid receptors are all 
G-protein-coupled receptors and highly homologous. Activation of opioid receptors 
inhibits the activity of adenylyl cyclase, activates potassium channels and closes 
calcium channels (Cunningham et al., 2019). It is worth noting that different types 
of opioid receptors can be found in a single neuron of the spinal cord dorsal horn 
or at other sites of the nervous system. In general, acute activation of opioid 
receptors exerts analgesic effects at peripheral and spinal cord levels. However, 
effects of opioid receptors, particularly that of the -opioid receptor, can be 
complicated in the supraspinal central nervous system (Ossipov et al., 2004; 
Schrepf et al., 2016). Following repeated or chronic administration, opioids can 
induce pain and hyperalgesia (Mayer et al., 1995; Celerier et al., 2000; Higgins et 
al., 2019) due to a switch of opioid receptor coupling from an inhibitory to a 
stimulatory G-protein; i.e., from Gi/o to Gs (Chakarabarti et al., 2005; Roeckel et 
al., 2016).  
  
Endogenous opioid peptides are natural opioid-like substances in mammals 
and play important roles in pain modulation. They include dynorphin, endorphin, 
nociceptin/orphanin-FQ and endomorphin. The main family members of 
endorphin are -endorphin, -endorphin, -endorphin and -endorphin. 
Dynorphins consists of dynorphin A and dynorphin B. Enkephalin activates mainly 
-opioid receptors. Enkephalin-containing cells are widely distributed in the 
central nervous system, such as the amygdala, globus pallidus, striatum, thalamus, 
hypothalamus, brainstem and laminae I, II, V of the spinal dorsal horn (Naik et al., 
1981). Enkephalin exerts antinociceptive effects at the spinal cord level as well as 
supraspinally (Fields & Basbaum, 1978; Kieffer 1995). -Endorphin has a high 
affinity for - and -opioid receptors. -Endorphin-containing neurons are located 
mainly in the arcuate nucleus of the hypothalamus, which sends projections to the 
midbrain PAG and pontine locus coeruleus that mediate the descending 
antinociceptive effect (Bloom et al., 1978; Behbehani & Fields, 1979; Basbaum & 
Fields, 1984). In addition, it has been shown that -endorphin plays roles in pain 
inhibition in the nucleus of the solitary tract and spinal cord dorsal horn (Tsou et 
al., 1986; Aicher & Randich, 1990; Van der Kraan et al., 1999). Dynorphin activates 
primarily -opioid receptors, but it also has a certain affinity for - and -opioid 
receptors. Dynorphin exerts its antinociceptive effect by activating -opioid 
receptors in the spinal cord (Millan 1986; Ossipov et al., 1996; Hiramatsu et al., 
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2001). It has been reported that dynorphin may have also pronociceptive effects in 
the spinal cord that are mediated by mechanisms other than opioid receptors 
(Dubner & Max, 1992; Laughlin et al., 1997). Endomorphin has a high affinity for 
-opioid receptors, and nociceptin/orphanin-FQ has a low affinity for the classic 
opioid receptors, but it has a strong affinity for nociceptin/orphanin-FQ receptors 
(NOP receptors), which are not sensitive to naloxone, an opioid receptor antagonist 
(McDonald & Lambert, 2015). NOP receptors are distributed in both ascending and 
descending pain pathways, including the dorsal root anglia, spinal cord and the 
midbrain PAG (Neal et al., 1999; Schröder et al, 2014). Activation of NOP receptors 
produces antinociception at peripheral and spinal cord levels (Obara et al., 2005; 
Rizzi et al., 2017). Species differences in the antinociceptive effect induced by 
activation of supraspinal NOP receptors have been described. Activation of 
supraspinal NOP receptors induced antinociception in monkeys (Ding et al., 2015), 
but hyperalgesia in rats (Pan et al., 2000; Tariq et al., 2013). 
 
Recent study revealed that -opioid receptors within the thalamic VM nucleus 
are involved in the innocuous (43 C) heating-needle stimulation induced 
endogenous descending inhibition (You et al., 2014). Moreover, -opioid receptors 
in thalamic MD and VM nuclei were involved in the noxious (46 C) heating-needle 
stimulation induced descending facilitation and inhibition, respectively (You et al., 
2014). 
2.4.2 DOPAMINE AND DOPAMINE RECEPTORS
Dopamine (DA) is a monoaminergic neurotransmitter that is involved in multiple 
functions, including processing of pain-related signals (Girault & Greengard, 2004). 
A large body of evidence has shown that two of the dopaminergic cell groups in the 
brain exert signi cant roles in pain control in both humans and animals. DA 
neurons in the substantia nigra compacta (also known as A9 cell group) send 
projections to the dorsal striatum. DA neurons from midbrain ventral tegmental 
area (VTA) (also known as A10 cell group) send projections to the ventral striatum, 
the frontal cortex and parts of the limbic system. In addition, dopaminergic cells in 
the hypothalamic A11 cell group innervate the spinal cord (Koblinger et al., 2018) 
providing anatomical substrate for descending dopaminergic control of spinal 
nociception. 
 
Dopamine receptors belong to a group of G-protein coupled receptors. 
Dopamine receptors can be classified into D1 and D2 groups according to their 
biochemical and pharmacological properties. The D1 receptor group consists of D1 
and D5 receptor subgroups; the D2 receptor group includes D2, D3 and D4 
receptors subgroups (Vallone et al., 2000). D1 receptors are distributed mainly in 
the cerebral cortex, caudate putamen, olfactory tubercle, nucleus accumbens, 
amygdala, island of Calleja, substantia nigra pars reticulata and subthalamic 
nucleus. D2 receptors are expressed in many brain areas, such as the cerebral 
cortex, caudate putamen, olfactory tubercle, nucleus accumbens, amygdala, 
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substantia nigra pars compacta and ventral tegmental area (Jackson & 
Westlind-Danielsson, 1994). In most cases, the density of D1 receptors is higher 
than that of D2 receptors in all brain areas (Boyson et al., 1986; Mansour et al., 
1990). D3 receptors are expressed in the islands of Calleja, nucleus of the vertical 
limb of the diagonal band, the bed nucleus of the stria terminalis and thalamic 
nuclei (Bouthenet et al., 1991). D4 receptors are mainly expressed in the frontal 
cortex, olfactory bulb, amygdala, mesencephalon and medulla oblongata (Van Tol 
et al., 1992). D5 receptors have been detected mainly in the frontal cortex, 
hippocampal formation and mammillary nucleus (Tiberi el al., 1991). At the spinal 
cord level, dopaminergic fibers are distributed predominently in laminae I-VII and 
lamina X of the dorsal horn (Skagerberg & Lindvall, 1985; Ridet et al., 1992). D1 
receptors are expressed in dorsal root ganglia and all areas of the spinal cord, 
whereas D2 receptors are distributed in dorsal root ganglia, superficial layers and 
lamina X of dorsal horn. Spinal distribution pattern of D3 receptors is similar to 
that of D2 receptors, but the density of D3 receptors is lower than that of D2 
receptors (Dubois et al., 1986; Van Dijken et al., 1996; Levant & McCarson, 2001). 
Moreover, D4 receptors have been detected in the human spinal cord (Matsumoto 
et al., 1996).  
 
It has been reported that D1 receptor agonists may induce pain facilitation (Aira 
et al., 2016). In general, D2 or D2/D3 receptors in the brain are involved in pain 
inhibition according to both human and animal studies (Martikainen et al., 2018). 
In the spinal cord, activation of the dopamine D2 receptor has also antinociceptive 
effects as shown by studies in which D2 receptor agonists were administered 
intrathecally (Jensen & Yaksh, 1984; Gao et al., 2001; Mercado-Reyes et al., 2019). 
In line with this, stimulation of the spinally projecting dopaminergic A11 cell group 
in the hypothalamus has decreased responses of nocicetive neurons in superficial 
and deep layers of the spinal cord dorsal horn and suppressed pain-related 
behavior evoked by noxious stimuli in a way that was reversed by dopamine D2 
antagonistor (Carr 1984; Wei et al., 2009; Moradi et al., 2015). 
2.4.3 OTHER NEUROTRANSMITTERS
Also various other neurotransmitters play important roles in descending 
modulation of pain. In particular, there is large amount of evidence on the 
contribution of serotonin and noradrenaline to descending pain controls 
(Pertovaara, 2006; White et al., 2018), but since these are outside the focus of this 
thesis, they are not described in more detail here.
2.5 PAIN IN PARKINSON’S DISEASE
Parkinson's disease (PD) is a common neurodegenerative disorder characterized by 
preferential loss of dopaminergic neurons, aggregation of -synuclein as Lewy 
bodies (Williams-Gray & Worth, 2016), and motor symptoms that include resting 
tremor, bradykinesia, rigidity and postural abnormalities (Obeso et al., 2004; 
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Moustafa et al., 2016). Motor symptoms have been associated with a loss of 
dopamine neurons in nigrostriatal pathway. More recently, non-motor 
manifestations of PD, such as pain, depression, sleep disturbance, and autonomic 
disorders, have received more attention (Chen et al., 2013; Schapira et al., 2017; 
Rukavina et al., 2019). The prevalence of pain varies between 30 % and 95 %, and 
pain is an early pre-motor symptom during the development of PD (Beiske et al., 
2009; Buhmann et al., 2017). Dystonic and musculoskeletal pains are the most 
frequently occurring types of pain in PD patients (Beiske et al., 2009). Earlier 
studies showed that the pain thresholds to thermal, cold, mechanical or electrical 
stimuli were lower in PD patients than in healthy controls (Djaldetti et al., 2004; 
Brefel-Courbonet al., 2005; Zambito et al., 2011; Uddin & MacDermid, 2016). 
However, no significant differences in pain thresholds and pain tolerance were 
reported in early-stage PD patients with spontaneous/ongoing pain compared with 
PD patients without spontaneous/ongoing pain (Mylius et al., 2009). Apart from 
degeneration of cerebral structures, there are studies revealing a significant loss of 
epidermal nerve fibers, Meissner corpuscles and an increased deposition of 
-synuclein in cutaneous sympathetic fibers in PD patients (Nolano et al., 2008; 
Gibbons et al., 2016). It has been suggested that neurodegeneration in nociceptors 
may be associated with peripheral neuropathic pain in PD patients (Blanchet & 
Brefel-Courbon, 2018). Lewy bodies were also observed in the spinal cord, dorsal 
root ganglia, and sympathetic ganglia in PD patients (Sumikura et al., 2015). It has 
been shown that chronic PD patients may have serious atrophy of several cortical 
areas that have projections to descending pain control circuits (the dorsolateral 
prefrontal cortex, orbitofrontal cortex, and posterior cingulate cortex), which may 
affect the function of the descending pain modulatory system and also influence 
emotional aspects of pain (Polli et al., 2016). Abnormal activation of central pain 
producing areas such as ipsilateral prefrontal cortex, ipsilateral insula and 
contralateral anterior cingulate were found in PD patiens (Brefel-Courbon et al., 
2005). It has been widely recognized that dopamine-dependent pathways play 
crucial roles in pathological processing of nociceptive inputs in PD. However, the 
response of PD patients’ pain to levodopa treatment has been variable. A 
neuroimaging study showed that the abnormal response of central pain-related 
areas to nociceptive stimulation returned to a normal range after levodopa 
administration (Brefel-Courbon et al., 2005). In line with this, a significant 
increase in the nociceptive flexion reflex threshold was found following 
administration of dopaminergic medication in pain-free PD patients but not in 
healthy subjects (Gerdelat-Mas et al., 2007). In contrast, another study stated that 
no effect on abnormal processing of nociceptive inputs was observed in pain-free 
PD patients after administration of dopaminergic medication (Tinazzi et al., 2010). 
It has been suggested that the deficit in non-dopaminergic neurotransmitters 
including serotonergic, cholinergic, and noradrenergic systems may be also 
important in the modulation of pain in PD (Sauerbier et al., 2016). 
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2.6 ANIMAL MODELS OF PAIN IN PARKINSON’S DISEASE
Various animal models of PD including pharmacological models, 
neurotoxin-induced models, pesticide-induced models, genetic models and MPTP 
primate model have been widely used to understand the mechanisms underlying 
the disease and to develop treatments of PD. Most of the animal models of pain in 
PD have been conducted in rodents. 
2.6.1 PHARMACOLOGICAL PD MODELS
Pharmacological PD models were induced by administration with pharmacological 
agents, reserpine and haloperidol. 
  
Reserpine works by inhibiting the vesicular monoamine transporter and 
leading to loss of storage capacity and depletion of central and peripheral 
monoamines including dopamine, noradrenaline and 5-HT, but without 
accompanying neurodegeneration. Carlsson and coworker were rst ones to 
demonstrate that L-DOPA, a compound that was later used for PD treatment in the 
clinic, could reverse the effects of reserpine pretreatment in mice (Carlsson et al., 
1957). In spite of this, the reserpine-induced animal model was not regarded as a 
successful model of PD as it was not selective for dopamine. However, after it was 
found that noradrenergic and serotonergic systems are also affected in PD 
(Jellinger, 1991), the reserpine model is recognized as a relatively good model to 
mimic biochemical changes in PD. After reserpine treatment, there is up to 85% 
loss of dopamine in the substantia nigra pars compacta and more than 95% 
dopamine depletion in the striatum within 2 hours of reserpine injection. Moreover, 
dopamine content in the substantia nigra pars compacta returns to about 30% of 
that before treatment within 24 hours after the reserpine administration. 
Dopamine depletion in the striatum has been about 95% after reserpine treatment 
and it has lasted for at least 24 hours (Heeringa & Abercrombie, 1995). Behavioral 
studies indicate that reserpine treatment can cause a decrease of mechanical and 
thermal nociceptive thresholds (Taguchi et al., 2015). Reserpine model reflects 
major components of the biochemistry of PD, although reserpine does not cause 
dopaminergic cell degeneration in the substantia nigra. Descending pathways 
involved in pain control have not be screened using the reserpine model of PD. 
 
Another pharmacological rodent model of PD is that induced by haloperidol 
treatment. Haloperidol is predominantly an antagonist of the dopamine D2 
receptor and to a lesser degree also that of the dopamine D1 receptor. Blocking of 
striatal dopamine transmission with haloperidol results in abnormal downstream 
ring within the basal ganglia circuits. However, because of the analgesic effect of 
haloperidol, haloperidol model is not suitable for studying pain in PD (Salpeter et 
al., 2015).
2.6.2 PESTICIDE ROTENONE-INDUCED PD MODEL
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Rotenone is a pesticide that has been used to induce experimental model of PD. 
Rotenone crosses the blood-brain barrier following systemic injections and inhibits 
mitochondrial complex I, which induces oxidative stress (Cicchetti et al., 2009; 
Abelsalam & Safar, 2015). Numerous rodent studies have shown that rotenone 
model mimics pathology of PD. Oxidative damage induced by protein carbonyl 
formation is found in many brain areas of rats treated with rotenone, a finding 
mimicking that reported in the brain of PD patients (Alam et al., 1997). 
Systemically administered rotenone induces extensive microglial activation in the 
substantia nigra pars compacta and striatum, which is similar to the in ammatory 
features observed in PD (Murakami et al., 2015). Rotenone inhibits proteasomal 
activity, which is implicated in PD (Wang et al., 2006). Moreover, -synuclein and 
Lewy body-like cytoplasmic inclusions were found within the substantia nigra pars 
compacta following rotenone treatment (Johnson & Bobrovskaya, 2015). 
 
Rotenone shows a high degree of systemic toxicity that influences e.g. the 
cardiovascular system and produces high mortality rates (up to 30% of animals). 
Only about 50% of the rotenone-treated animals show neurodegeneration 
(Betarbet et al., 2000). In assessments of pain behavior, rotenone did not change 
mechanically evoked withdrawal thresholds (Xiao & Bennett, 2012). All these 
factors limit the use of the rotenone model for the study of pain in PD. 
2.6.3 GENETIC PD MODELS
Many transgenic models of PD, in which the gene products related to neuronal cell 
death in PD that include -synuclein, PINK1, DJ-1, LRRK2, parkin, UCH-L1 and 
glucocerebrosidase, have been developed (Yang et al., 2009; Gubellini & Kachidian, 
2015). However, very few of these models have been used in pain-related studies. 
Moreover, only minor changes in nociceptive responses have been observed in 
these models. For example, no changes in thermal thresholds were found in 
animals with an overexpression of SNCA gene in mice (Torres et al., 2010), and no 
reduction in mechanical or chemical thresholds was observed in the LRRK2 
transgenic mouse model (Bichler et al., 2013). In contrast to clinical observation, 
nociceptive hyposensitivity was found in PINK1 transgenic animals (Gierthmühlen 
et al., 2009). These findings suggest that none of the gene abnormalities in the 
transgenic PD models developed so far is related to the development of pain in PD.  
2.6.4 NEUROTOXIN-INDUCED PD MODELS
Among the most commonly used experimental models of PD is that induced by 
6-OHDA treatment. 
 
6-OHDA is a neurotoxin, which produces degeneration of dopaminergic 
neurons in the nigro-striatal tract and induces a PD-like pathophysiological 
condition (Ungerstedt, 1968; Quiroga-Varela et al., 2017). In general, when 
inducing experimental model of PD with 6-OHDA, it is injected into one of three 
locations of the nigro-striatal tract: i) the substantia nigra pars compacta, where 
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dopaminergic cell bodies are located; ii) the median forebrain bundle, through 
which the dopaminergic nigro-striatal tract ascends; iii) the terminal region, the 
striatum. Unilateral administration of 6-OHDA has been used most commonly, 
since it prevents the high mortality rate associated with bilateral full lesion models. 
In addition, PD model induced by unilateral injection of 6-OHDA provides the 
advantage that the behavior at the impaired side can be compared with that in the 
contralateral side. Nigrostriatal 6-OHDA-lesions cause motor impairment in the 
limbs contralateral to the lesion side. 6-OHDA model has been used for studying 
pain in PD. Numerous studies have reported hypersensitivity to thermal, 
mechanical, chemical or cold stimuli in 6-OHDA-lesioned rats (Gomez-Paz et al., 
2018; Domenici et al., 2019). In most cases, the changes in thresholds are bilateral, 
although 6-OHDA was administered unilaterally. Changes in nociception have 
been observed as early as one week after the 6-OHDA lesion and the changes have 
persisted for at least 12 weeks. It has been suggested that 6-OHDA lesions induce 
stable alterations and persistent plasticity. Unilateral injection of 6-OHDA into the 
medial forebrain bundle or substantia nigra of rats shows an immediate and almost 
full destruction of dopamine neurons within the substantia nigra pars compacta 
and the ventral tegmental area. Such a treatment produces a model that mimics the 
end-stage of PD (Faull & Laverty, 1969; Grandi et al., 2018). A more slowly 
developing partial lesion of the nigrostriatal pathway has been achieved by 
administering 6-OHDA into the striatum, which represents an early-stage PD 
model (Boix et al., 2018). After striatal 6-OHDA treatment, the damage involves 
both the dopaminergic nerve terminals innervating the striatum and retrogradely 
dopaminergic cell bodies (Sauer & Oertel, 1994; Blandini et al., 2007). At doses 
higher than 6 g, 6-OHDA produces a significant dopamine depletion, and at doses 
6-14 g, 6-OHDA has elicited at least 40-60 % depletion of dopamine that is 
accompanied by D-amphetamine/apomorphine-induced rotation behavior (Ishida 
et al., 2005; Miyanishia et al, 2019). Unilateral striatal lesion with 6 g of 6-OHDA 
mimics clinically observed early deficits in isometric force control that affects the 
daily life of early-stage PD patients (Bethel-Brown et al., 2011). Assessments of 
pain behavior in 6-OHDA-treated rats showed decreased nociceptive withdrawal 
thresholds induced by mechanical or thermal stimuli (Zengin-Toktas et al., 2013; 
Domenici et al., 2019). 
 
Numerous studies suggest that dopaminergic, serotonergic, and opioid 
pathways are involved in modulating nociceptive thresholds in the 6-OHDA lesion 
rat model which reflect findings in the clinic (Brefel-Courbon et al., 2013; Uchida et 
al., 2019). Taken together, the 6-OHDA model provides an ideal platform to 
explore the pathophysiology of pain symptoms and test potential pain therapy in 
PD. 
2.7 EXPERIMENTAL MUSCLE PAIN 
Intramuscular injection with hypertonic (HT) saline has been widely used to mimic 
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clinical muscle pain in humans since it was first introduced by Kellgren (Kellgren, 
1938). Injection with HT saline into limb muscles, neck muscles, shoulder muscles, 
lower back or jaw muscles induces transient pain at the injected area, and the pain 
quality and intensity are similar to that in clinical myalgia. HT saline activates 
group III and IV nociceptive muscle afferents, corresponding to nociceptive A  and 
C afferents in cutaneous nerves, respectively (Iggo, 1961). In the spinal dorsal horn 
of lightly anesthetized rats, wide-dynamic range neurons, which are presumably 
pain-relay neurons, were activated by HT saline injections and this was associated 
with nocifensive behavior (Ro & Capra, 1999; Ro et al., 2003). The time course of 
neuronal and behavioral responses induced by HT saline injection in animals was 
similar to that of local pain ratings induced by HT saline in humans. In addition, 
HT saline injections have elicited pain sensations that are reported at areas remote 
to local pain areas; i.e., subjects have reported referred pain following injection of 
HT saline. Referred pain has been recognized as a characteristic property of clinical 
muscle pain. In human studies, referred pain has been induced by intramuscular 
injections of HT saline and other algogenic substances. For example, injection of 
HT saline into the temporalis muscle produced referred pain in teeth (Jensen & 
Norup, 1992). Injection of HT saline into the tibialis anterior muscle produced 
referred pain on the dorsal surface of the ankle (Lei et al., 2008). In experimental 
animals, bilateral hyperalgesia has been observed after unilateral muscle injection 
of carrageenan or HT saline (Radhakrishnan et al., 2003; You et al., 2016). 
 
Human studies have shown that it is possible to induce also long-lasting pain by 
intramuscular infusion of HT saline (Zhang et al., 1993; Lei et al., 2008). 
Intramuscular injections of other agents including acidic saline, capsaicin, 
carrageenan, mustard oil, and complete Freund’s adjuvant (CFA) have also 
produced long-lasting muscle pain and robust in ammatory responses. In humans, 
intramuscular injection of capsaicin (a TRPV1 channel agonist) induced 
longer-lasting local muscle pain and more extensive referred pain than intradermal 
administration of capsaicin (Witting et al., 2000). Injection of capsaicin into rat 
hind paw muscles induced long-lasting (up to 4 weeks) bilateral mechanical 
allodynia and unilateral heat hypoalgesia (Sluka, 2002). Repeated injection of 
acidic saline into the gastronemius muscle in rats produced mechanical and heat 
hyperalgesia that lasted for several weeks (Sluka et al., 2003). 
Immunohistochemical studies showed that injection of mustard oil (a TRPA1 
channel agonist) or CFA into the masseter muscle induced nocifensive behavior 
that was associated with an increase of Fos expression (a marker of neuronal 
activation) in the trigeminal subnucleus caudalis, a medullary relay for nociceptive 
signals originating in the orofacial area (Imbe et al., 1999; Ro et al., 2004). 
Carrageenan, which activates group III and IV nociceptive muscle afferents and 
produces myositis (Berberich et al., 1988), has produced bilateral mechanical 
hyperalgesia when administered unilaterally into the GS muscle (Radhakrishnan et 
al., 2003). Among many other endogenous algogens that have been used in 
attempts to induce muscle pain in human and animal studies are substance P, 
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bradykinin, serotonin, ATP and glutamate (Capra & Ro, 2004).  
 
Sensitization of peripheral nociceptors at the site of injury causes primary 
hyperalgesia at the injury site that is predominantly due to peripheral mechanisms, 
and secondary hyperalgesia adjacent to the injury site that is due to central 
mechanisms (Hardy et al., 1950; Meyer et al., 1988; Simone et al., 1991). 
Concerning afferents innervating the muscles, of which are 2/3 are unmyelinated 
(Mense, 1993), it has been demonstrated that conditioning stimulation of muscle 
C-fibers, unlike that of cutaneous C-fibers, produced prolonged increase in the 
excitability of motoneurones (Wall & Woolf, 1984). This is in line with the 
long-lasting secondary mechanical hyperalgesia induced by i.m. injection of 
different algogenic agents. For example, unilateral intramuscular injection of 5.8% 
hypertonic (HT) saline into the GS muscle induced a bilateral decrease of the 
mechanically evoked hind limb withdrawal threshold (secondary mechanical 
hyperalgesia) that was observed within 30 min after the injection and that lasted 
for 5 days (You et al., 2010). This was accompanied by a bilateral increase of 
heat-evoked hind limb withdrawal latency (secondary heat hypoalgesia) that was 
observed from the first day after the injection and that lasted for one week. Further 
experiments showed that the secondary mechanical hyperalgesia and the 
secondary heat hypoalgesia induced by experimental muscle nociception were 
regulated by descending facilitatory and descending inhibitory circuits, respectively 
(You et al., 2010). Thereby, sustained muscle pain induced by i.m. injection of 
algogenic compounds, such as HT saline, provides a method to activate in a tonic 
fashion otherwise inactive descending pain controls and to study separately 
descending facilitation and descending inhibition by determining secondary 
mechanical hyperalgesia and secondary heat hypoalgesia, respectively.   
2.8 TRADITIONAL ACUPUNCTURE AND HEATING-NEEDLE 
STIMULATION
2.8.1 ACUPUNCTURE
Acupuncture is an important pain treatment method in traditional Chinese 
medicine. For acupuncture treatment, fine needles are inserted into acupoints 
either in the skin or in the muscle, and manual techniques including lifting, 
inserting and twisting of the needle are applied during treatment to activate the 
meridians, a concept in traditional Chinese medicine about a path through which 
the life-energy known as "Qi" flows. According to traditional Chinese medicine, 
regulation of Qi by acupuncture needles is required for therapy, since stagnation of 
Qi will cause pain and other diseases. Nowadays, electric stimulation with 
acupuncture needles is commonly used in therapy, which is called 
electroacupuncture. Human and animal studies have shown that analgesic effect 
can be achieved by electroacupuncture as well as traditional acupuncture (Cheng, 
2014; Choi et al., 2015). Studies addressing neurobiological mechanisms 
underlying acupuncture-induced analgesia indicate that electroacupuncture may 
Review of literature 
29 
alleviate pain by activating the descending pain inhibitory system. For example, it 
has been demonstrated that electroacupuncture could activate the supraspinal 
5-HT-containing RVM and norepinephrine-containing LC to produce its analgesic 
effects. (Hu et al., 2016; Seo et al., 2016). 5-HT1 and 5-HT3 receptors have been 
shown to be among neurotransmitter receptors involved in mediating the 
electroacupuncture-induced alleviation of chronic pain (Seo et al., 2016). In 
addition, electroacupuncture-induced analgesia has been shown to involve 
recruitment also other supraspinal pain-regulating sites such as the anterior 
cingulate cortex, amygdala, hypothalamus, and PAG, and in addition to serotonin 
and noradrenaline, many other neurotransmitters such as endogenous opioids and 
-aminobutyric acid (GABA) (for review see Lv et al., 2019).   
2.8.2 HEATING-NEEDLE STIMULATION
Moxibustion is another traditional Chinese pain therapy that has been used to treat 
pain-related diseases for thousands of years. The methods for performing 
moxibustion were recorded as early as about 3000 years ago. According to 
traditional Chinese medicine, it is necessary to apply moxibustion when neither 
medicaments nor acupuncture works. More than 500 years ago, the silver needle 
therapy was used for the treatment of shoulder pain, knee pain and many other 
osteoarticular dysfunctions, with a good therapeutic effect. The traditional silver 
needle was made of 85% silver and of copper and chromium alloy. In general, the 
needle body has a varying length (6-15cm), while the needle tail is 5cm long and 
the diameter of the needle is 1.0-1.1mm. During moxibustion treatment, a stick of 
moxa (a soft woolly mass prepared from the ground young leaves of a Eurasian 
Artemisia) is fixed at the needle tail and ignited. After recognizing that among 
disadvantages of silver needle therapy are air pollution from smoke and skin burns 
caused by burning of moxa, the temperature-controlled silver needle was first 
introduced in 2002. The size and materials of the temperature-controlled needle 
are similar to that of the traditional silver needle. The tail of the 
temperature-controlled needle is connected to a tubular-cased heating element 
that is temperature-controlled by a computer. It is smokeless and with no burn 
hazards. A disadvantage of the first-generation temperature-controlled silver 
needle apparatus is that the temperature decreases gradually from the tail to the 
top of the needle. In 2012, an inner-heating therapeutic apparatus was developed 
(see Figure 6), in which the heating element is located inside the needle, due to 
which there is no difference in the temperature along the needle body. It is still not 
known whether heating-needle stimulation at acupoints and non-acupoints 
induces different analgesic effects, whether heating-needle stimulation is effective 
against pain induced by Parkinson’s disease, or which neurotransmitter receptors 
are involved in mediating the heating-needle stimulation induced attenuation of 
pain.   
 
To determine an optimal needle temperature for heating-needle stimulation, a 
pilot study was performed in healthy rats. In the pilot study, single/double 
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heating-needle was inserted into the ipsilateral gastrocnemius muscle. The 
temperature of heating-needle stimulation was first set at 40 C and the treatment 
lasted for different periods (15, 30, and 45 minutes). Paw withdrawal reflex 
threshold elicited by noxious mechanical and heat stimulation was determined 
bilaterally 30 minutes, 1-4h and 1-7 days after completing the heating-needle 
stimulation Intramuscular insertion of a single/double needle without heating for 
45 minutes was set as a control. In the following experiments, temperature of 
heating-needle stimulation was increased by 1 C from session to session, and the 
effect of heating-needle stimulation on endogeneous descending modulation of 
pain was explored at a range of stimulus temperatures from 40 C to 46 C. The 
results showed that insertion of needles without heating or heating-needle 
stimulation at temperatures varying from 40 C to 42 C for 45 min had no 
significant influence on paw withdrawal reflex elicited by noxious mechanical or 
heat stimulation. However, descending inhibition was triggered by the i.m. 
heating-needle stimulation at a temperature of 43 C for 30-45 min. The results of 
the pilot study (You et al., 2014) were used when choosing stimulus parameters for 
studies II and III. The effect of 44-46 C heating-needle stimulation (single needle) 
on descending modulation of pain in the pilot study is shown in Table 1. 
Table 1   Effects of 44-46 oC H.N.S. on descending modulation of pain















The current series of studies was performed to explore plasticity of descending 
modulation of pain in humans and rats under different experimental conditions 
and to explore whether i.m. heating-needle stimulation provides a method to 
attenuate pain due to action on descending pain modulatory circuitries. In all 
studies, sustained muscle pain induced by i.m. 5.8% saline was used as a noxious 
conditioning stimulus to activate descending pain modulatory circuitries and to 
allow using secondary mechanical hyperalgesia as an index of descending pain 
facilitation and secondary heat hypoalgesia as an index of descending pain 
inhibition. Specific aims of the study were as follows: 
(1) To explore changes in descending modulation of pain in rats with simulated 
weightlessness. Moreover, spinal neuronal correlate of descending facilitation 
and inhibition was explored using immunohistochemical methods. 
(2) To explore effects of non-painful (43 C) heating-needle stimulation at 
acupoints and non-acupoints on descending modulation of pain in healthy 
subjects. 
(3) To explore whether an experimental model of PD causes pathophysiological 
pain-promoting changes in descending modulation of pain and whether 
non-painful (43 C) heating-needle stimulation can reverse these 
pathophysiological changes. Moreover, potential role of the dopamine D2 
receptor in the thalamic MD/VM nuclei in the heating-needle 






Male Sprague-Dawley rats at 10 weeks age were provided by Animal Center of the 
College of Medicine, Xi’an JiaoTong University. Rats were housed with 2 rats a 
group in plastic boxes under a 12:12 h light dark cycle, room temperature was at 
22-26 C, food and water were available ad libitum. All experiments were approved 
by the Animal Care and Use Committee of Xi’an JiaoTong University. The 
experiments were performed according to the guidelines of European Communities 
Council Directive of 22nd September 2010 (2010/63/EU). Before the experiments, 
the rats were acclimatized to the laboratory and testing boxes for at least 1 hour per 
day during five consecutive days. At the end of the experiment, the rats were 
sacrificed with an overdose of sodium pentobarbital. All efforts were made to 
minimize the number of animals and the suffering of the animals. 
4.2 SUBJECTS
Fifty healthy male volunteers with age range 18-43 years and mean age 23.4 years 
were involved in the study. None of them had signs or symptoms of peripheral or 
central nervous system disorders. None had either chronic pain or any medical 
treatment. They were informed about the experimental procedures and all signed a 
consent form that was in accordance with the Declaration of Helsinki. The 
experiments were approved by the Ethics Committee of Xi’an Jiaotong University. 
The experiments were performed in a quiet enviroment at a temperature of 
22-23 C. 
4.3 DRUGS
6-OHDA (6-hydroxydopamine), dopamine, raclopride (dopamine D2 receptor 
antagonist), apomorphine, sodium pentobarbital, desipramine, capsaicin (TRPV1 
channel agonist) and Tween 80 were purchased from Sigma-Aldrich Chemie Gmbh 
(Germany). Isoflurane was purchased from Yapei Pharmaceuticals Inc. (Shanghai, 
China). Benzylpenicillin sodium was purchased from Harbin Pharmaceutical 
Group Holding Co. Ltd. (Harbin, China). Ascorbic acid, 10% saline and 0.9% saline 
were purchased from Shijiazhuang No.4 Pharmaceutical Industry Limited 
Company (Shijiazhuang, China). 
 
In immunohistochemical experiments, rabbit polyclonal antibody against c-fos was 
purchased from ABCAM (Cambridge, UK), sheep-anti-rabbit IgG and ABC 




The series of experiments were performed to investigate the plasticity of 
descending modulation of pain as a potential cause of chronic pain under various 
conditions that included simulated weightlessness and experimental PD as well as 
physiological conditions. In particular, the effect of heating-needle stimulation 
applied at an innocuous temperature on descending modulation of pain was 
studied in healthy subjects and in rats with an experimental model of PD (Figure 3). 
Descending modulatory circuitries are to a large extent inactive under baseline 
conditions, due to which the study of descending modulation of pain is difficult, 
unless descending pain modulatory circuitries are activated by a noxious 
conditioning stimulus, such as sustained muscle nociception induced by HT saline. 
Therefore, in all experiments of the present study descending pain modulatory 










































































Figure 3 Experimental design
i.m.: intramuscular, VAS: Visual Analogue Score, PPT: Pressure pain threshold, HPT: Heat pain 
threshold, inj.: injection, H.N.S.: Heating-needle stimulation, PWMT: Paw withdrawal mechanical 
threshold, PWTL: Paw withdrawal thermal latency, MD: Mediodorsal nucleus, VM: Ventromedial 




4.5 CONTENTS OF THE STUDIES
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Table 2 Contents of the studies
6-OHDA
Pharmac.        Non-pharmac.
H.N.S. 
H.N.S.: heating-needle stimulation, HT: hypertonic, HU: hindlimb unloading, PD: Parkinson’s disease
Pharmac.: Pharmaceutical, n: number of animals/subjects in each experimental group
4.6 SURGERIES
4.6.1 INSTALLATION OF INTRACEREBRAL CANNULA
After anesthesia, the head of the animal was fixed by stereotaxic apparatus, and the 
skin over the skull was cut with a surgical knife. A hole was drilled in the skull to 
insert a guide cannula. The guide cannula with outer diameter of 0.35 mm and 
inner diameter of 0.25 mm (RWD Life Science Co., Shenzhen, China) was inserted 
to allow microinjections into the thalamic mediodorsal (MD), ventromedial (VM) 
nuclei or striatum according to the following coordinates: MD nucleus: 
anteroposterior –(2.3-2.8) mm from bregma, lateral 0.75 mm from midline, 
dorsoventral 5.2-5.4 mm from the cranium; VM nucleus: anteroposterior –(2.3-2.8) 
mm, lateral 1.2-1.5 mm and dorsoventral 7.1-7.2 mm; striatum: anteroposterior 1.0 
mm, lateral 3.0 mm and dorsoventral 5.0 mm from the cranium (Paxinos and Wat-
son, 1998). After the insertion of the guide cannula, the cannula was fixed in the 
skull by dental cement and the wound was sutured (Study III).
4.6.2 NEUROTOMY OF TAIL NERVE
After the induction of anesthesia with pentobarbital, sacral nerves 1 and 2 were 
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exposed and transected with scissors and surgical knife under a microscope (Nikon 
SMZ-645, Japan). After the nerve transection, the wound was sutured in layers 
(Study I). 
4.7 HINDLIMB UNLOADING (HU)
The rat tail was washed, air-dried, after which benzoin and tincture of rosin were 
gently applied on the tail. The tail was wrapped with bandage, and a 1cm-wide 
piece of tape was attached along side of the tail bilaterally and to form a loop near 
the end of the tail. Then the rat was suspended in a head-tilt position with an angle 
of 30o from the horizontal plane in individual plexiglass box (25×25×50cm). The 
tape-loop was attached to a pulley system allowing the animal a free movement in 
the cage by using its forelimbs, but its hindlimbs could not touch any surface of the 




Figure 4 Hindlimb unloading (HU) by tail suspension
4.8 MUSCLE NOCICEPTION INDUCED BY INTRAMUSCULAR 
INJECTION OF ALGOGEN
In animal experiments, muscle pain was induced by intramuscular injection with 
5.8% HT saline. The injection site was in the middle of the gastrocnemius muscle, 
and the depth of the injection was about 0.5 cm. The injection was performed 
manually and lasted more than 30 seconds. The volume of HT saline was 0.2ml 
(Study I, III).  
 
In the human study, muscle pain was induced by intramuscular injection of 
5.8% HT saline into the trapezius muscle or that of capsaicin into acupoints and 
non-acupoint sites. The injection site of HT saline was 2cm lateral to the halfway 
point between the spinous process of the 7th cervical vertebra and the lateral edge
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of the acromion. The volume of HT saline was 1ml. The injection was performed 
with a computer-controlled syringe pump (RWD Co., Shenzhen, China) over 1 min. 
Capsaicin 100 g/50 l was injected intramuscularly at ST36 (Zusanli)/ ST37 
(Shangjuxu) acupoints and non-acupoint sites unilaterally. ST36 is located 
four- nger breadths below the lower margin of the patella and one- nger breadth 
laterally from the anterior crest of the tibia. ST37 is located four- nger breadths 
below the ST36, and one nger-breadth (middle nger) from the anterior crest of 
the tibia (Figure 5). One non-acupoint site was located at a middle site between the 
ST36 and ST37 acupoints. The other non-acupoint site was located in the midway 
between ST35 (Dubi: below the patella in a depression lateral to the patellar 




Figure 5 Anatomical diagram of acupoint ST35, ST36 and ST37
ST: stomach meridian
4.9 INTRAMUSCULAR HEATING-NEEDLE STIMULATION
The heating-needle is a stainless-steel needle filled with a heating element and a 
temperature probe, and is feedback-controlled by a computer (Figure 6). The 
accuracy of the stimulation temperature is +/- 0.25 °C. In animal studies, the 
inserting site was at the middle part of the gastrocnemius (GS) muscle; and the 
depth of the insertion was about 0.5 cm. In the human study, the inserting site was 
at acupoint ST36/ST37. The temperature of heating-needle stimulation was 43 C 

















Figure 6 Schematic diagram of the heating-needle temperature control system
4.10 BEHAVIORAL TESTS IN ANIMAL EXPERIMENT
4.10.1 MEASUREMENT OF MECHANICAL SENSITIVITY
Rats were placed in individual plexiglass boxes with mesh floors and transparent 
covers. The paw withdrawal mechanical threshold was detected by hand-held 
electronic von Frey device (2290 Electrovonfrey®, IITC, Woodland Hills, CA, USA) 
with a rigid filament. The mechanical threshold was identified as the filament was 
applied to the heel of the hind paw and a paw-withdrawal response was elicited 
(Study I, III). 
4.10.2 MEASUREMENT OF HEAT SENSITIVITY
The paw withdrawal thermal latency (PWTL) was determined by a 390G plantar 
stimulator Analgesia Meter (IITC, Woodland Hills, CA). Rats were placed 
individually in a Plexiglas cubicle which was placed onto a constant 
temperature-controlled glass. The temperature of the glass was maintaind at 32 C. 
The heat stimulation was applied on the heel of the hind paw. The time from the 
onset of heat stimulation to withdrawal response of the hind paw was regarded as 
PWTL. Baseline PWTL was set to about 10-11 seconds by adjusting the intensity of 
heat stimulation. Cut-off time was set at 20 seconds to avoid tissue injury (Study I, 
III). 
4.10.3 ASSESSMENT OF MOTOR FUNCTION
Rats were placed on a Rota-Rod treadmill (Model 755, IITC, Woodland Hills, CA, 
USA) rotating at a gradually increasing speed from 5 to 30 rpm during 30 seconds 
and then maintained at 30 rpm for 120 seconds. Motor performance was defined as 
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the time rats were able to stay on the treadmill (Study III). 
4.10.4 APOMORPHINE-INDUCED ROTATION BEHAVIOR
To confirm a PD-like motor disorder, 2 weeks after unilateral microinjection of 
6-OHDA into the striatum, apomorphine (0.5 mg/kg) was injected subcutaneously 
to induced body rotations. The observation of body rotations started after the 
administration of apomorphine and lasted for 30 minutes. The rate of body 
rotations was quantified as the number of 180o turns contralateral to the side of the 
chemical injury of the striatum (Study III).
4.11 MEASUREMENT OF PAIN SENSITIVITY IN HUMAN 
STUDY (STUDY II)
4.11.1 MEASUREMENT OF PRESSURE PAIN THRESHOLD
Pressure pain threshold (PPT) was assessed by means of a hand-held electronic 
algometer (Somedic AB, Stockholm, Sweden) with a rounded rubber probe with a 
surface area of 1cm2. The probe was pressed on the test site perpendicularly and 
the pressure was increased at a constant rate of 30 kPa/s. When the subjects felt 
the rst pain that was considered PPT, they were requested to press a button that 
froze the pressure reading in the digital display of the algometer.  
4.11.2 MEASUREMENT OF HEAT PAIN THRESHOLD
Heat pain threshold (HPT) was assessed by a modi ed heat stimulator (TaiMeng 
Co., Ltd, ChengDu, China). The heat stimulator was applied 2 cm away from the 
test area. Subjects were asked to press a button to stop the ascending stimulus 
temperature when they felt the rst sensation of pain.  
4.11.3 VISUAL ANALOG SCALE (VAS)
After the i.m. injections at acupoints or non-acupoints, pain intensity was assessed 
by subjects every minute for 5 min using a 0-100mm visual analog scale (VAS). The 
subjects were instructed that 0 mm means no pain and 100 mm means intolerable 
pain. The assessment was followed every 5 min for 55 min. After the i.m. injection 
of HT saline into the trapezius muscle, the pain intensity was scored by the subjects 
continuously on a 0-10 cm electronic VAS, in which 0 cm meant no pain and 10 cm 
meant intolerable pain. The data was saved on the computer every 5 seconds.  
4.11.4 PAIN DISTRIBUTION
After i.m. injections at acupoints, non-acupoints or trapezius muscle, pain 
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distribution at the local pain area and the referred pain area was drawn by the 
subject using an anatomical map. Local pain was defined as pain around the 
injection site, and referred pain was defined as pain outside of the local pain area. 
4.12 IMMUNOHISTOCHEMICAL DETECTION OF FOS 
EXPRESSION
Animals were deeply anesthetized and perfused intracardially with first 200ml of 
0.1M phosphate-buffered saline (PBS), then 500ml of 4% paraformaldehyde in 
0.1M phosphate buffer. The lumbar spinal cord was then removed and fixed in 4% 
paraformaldehyde for 3h then soaked in 10% sucrose in PBS for 1 hour and 30% 
sucrose in PBS at 4 C overnight. The tissues were cut into coronal section slices 
that had the thickness of 15 m with a freezing microtome (CM1900, Leica, 
Germany). The avidin–biotin–peroxidase complex (ABC) method was used to 
detect Fos expression. After rinsed in 0.1M PBS, the sections were incubated with 
0.3% hydrogen peroxide in 0.1M PBS for 30min. After washed thoroughly, the 
sections were blocked in 0.1 M PBS with 0.2% Triton-X-100 with 10% goat serum 
for 30 min; then incubated with a rabbit polyclonal antibody against c-fos at 4 C 
overnight. After rinsing in 0.1 M PBS, the sections were incubated with 
sheep-anti-Rabbit IgG for 1 h at room temperature, then with the ABC complex. 
After washing in 0.1M PBS, the reaction product was visualized with 0.05% 
diaminobenzidine solution with 0.006% hydrogen peroxide for 2 min and then 
rinsed in 0.1M PBS. Following the immunostaining, mounting on APES-coated 
glass slides and air-dried overnight. Slices were dehydrated and cleared in alcohol 
series and xylene, respectively. After covering the slides, they were observed under 
a light microscope (Study I). 
4.13 STATISTICS
All results were expressed as mean  SEM. The data were analyzed using 
SigmaStatTM (Systat Software Inc., California, USA). P < 0.05 was considered 
statistically significant.  
 
In behavioral assessments of Study I, differences among experimental groups 
were analyzed using two-way analysis of variance (ANOVA) followed by post hoc 
Bonferroni's test for multiple comparisons. The mean numbers of labeled cells 
among experimental groups in immunohistochemical experiments were analyzed 
using one-way ANOVA followed by post hoc Bonferroni's test (Study I).  
 
In the human study (Study II), VAS scores and pain distribution data were 
analyzed by one-way ANOVA. PPT and HPT were compared by two-way ANOVA, 




In Study III, t-test was used to analyze differences between two groups (i.e.; 
difference in apomorphine-induced rotations of PD rats following heating-needle 
stimulation). One-way ANOVA was used to compare the effects of striatal 
treatment with 6-OHDA/vehicle on Rota-rod results, level of dopamine in the 
striatum, apomorphine-induced rotations among various treatment groups, and 
body weight. Two-way repeated-measures analysis of variance (two-way RM 
ANOVA) with a post-hoc Bonferroni t-test was used for analyses of the differences 




5.1 RESULTS IN ANIMAL STUDIES
5.1.1 CHANGES IN DESCENDING CONTROL OF PAIN UNDER SPECIAL AND 
PATHOLOGICAL CONDITIONS
To assess changes in descending modulation of pain during simulated 
weightlessness, noxious mechanical and heat stimulation-evoked paw withdrawal 
re exes were assessed with or without simulated weightlessness in animals, in 
which descending modulatory pathways were activated with i.m. injection of HT 
saline. Hindlimb unloading (HU) for 7 days was used to simulate weightlessness. 
Following unilateral i.m. injection of HT saline, a bilateral decrease of the paw 
withdrawal mechanical threshold (PWMT) was found (secondary mechanical 
hyperalgesia) with and without simulated weightlessness. Thirty minutes - one 
day following i.m. injection of HT saline, PWMT was signi cantly lower in rats 
with simulated weightlessness than rats not exposed to HU. Three days after the 
i.m. injection of HT, the PWMT in rats with simulated weightlessness returned to 
the same level as in rats without simulated weightlessness. One day after i.m. 
injection of HT saline, heat-induced paw withdrawal responses were significantly 
different in rats with as in rats without simulated weightlessness. In rats without 
simulated weightlessness, bilateral prolonged paw withdrawal thermal latency 
(PWTL) (secondary heat hypoalgesia) was observed 1 day after the i.m. injection 
and it lasted for 7 days. In rats with simulated weightlessness, secondary heat 
hypoalgesia induced by i.m. injection of HT saline was delayed and observed not 
earlier than 3 days after the i.m. injection, after which heat hypoalgesia declined 
progressively to baseline level by the 5th day following the i.m. injection.
 
In parallel to the assessment of pain behavior, Fos expression in lumbar 
segments 4-6 of the spinal cord was explored at different time points following i.m. 
injection of HT saline. The number of Fos-like immunoreactive (Fos-LI) cells was 
bilaterally increased in rats exposed to simulated weightlessness. The increases in 
Fos-LI cells were located only in the laminae I-II of the spinal dorsal horn. 
Denervation of the tail did not influence the effect of simulated weightlessness on 
Fos expression in the spinal dorsal horn. Following i.m. injection with HT saline, 
Fos expression was increased in all layers of the spinal dorsal horn within 30 min 
and the increase peaked at 1 hour, after which Fos expression gradually declined 
to the background level 4-8 hours after the i.m. injection of HT saline. In 
superficial layers (laminae I-II), the HT saline-induced increase in Fos expression 
was higher in rats with simulated weightlessness than control rats. In contrast, 
the increase of Fos expression in middle (III-IV) and deep (V-VI) layers of the 
spinal cord was significantly lower in rats with simulated weightlessness than
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controls. Combined with results from parallel behavioral tests, 
immunohistochemical findings on Fos expression suggest that superficial layers 
(I-II) of the spinal dorsal horn play a role in descending facilitation and 
middle/deep (III-IV) layers in descending inhibition of pain (Table 2). 
 
Early-stage PD was induced in rats by unilateral striatal lesion with neurotoxin 
6-OHDA. Three weeks after striatal administration of 6-OHDA, no significant 
differences in PWMT and PWTL were found among PD rats, rats with a striatal 
sham lesion, and naïve rats. Injection of physiological (0.9%) saline at a volume of 
0.2 ml into the GS muscle induced secondary mechanical hyperalgesia in PD rats, 
but not in sham-lesioned rats or naïve rats, which finding suggests that 
descending facilitatory modulation of pain was increased in the PD group. 
Injection of HT saline into the GS muscle, in contrast, induced secondary heat 
hypoalgesia in sham-lesioned and naïve rats, but not in PD rats suggesting a 
decrease of descending inhibition in the PD group. The increased descending 
facilitation and decreased descending inhibition in the PD group could not be 
reversed by striatal microinjection of dopamine. However, dopamine 
administration into the thalamic MD nucleus reduced descending facilitation and 
dopamine administration into the thalamic VM nucleus enhanced descending 
inhibition in PD rats indicating that dopamine controls descending modulation of 
pain, at least partly, due to action on thalamic MD and VM nuclei (Table 3).  
 
Simulated  weightlessness (I) PD model (III)
D.F.: descending facilitation, D.I.: descending inhibition, SDH: spinal dorsal horn, PD: Parkinson’s disease,
Table 3  Changes in descending control of pain under special and pathological conditions













: increased, : decreasedI: study I, III: study III,
5.1.2 EFFECTS OF HEATING-NEEDLE STIMULATION ON DESCENDING
CONTROL OF PAIN
In PD rats, i.m. heating-needle stimulation for 30 min at the temperature of 43 C 
had no effects on secondary mechanical hyperalgesia induced by i.m. injection of 
HT saline, whereas the HT saline-induced secondary heat hypoalgesia was 
significantly enhanced by heating-needle stimulation at 43 C. The 43 C 
heating-needle stimulation induced enhancement of secondary heat hypoalgesia in 
HT-treated animals was dose-dependently decreased by microinjection of 
Results 
43 
raclopride (dopamine D2 receptor antagonist) into the thalamic VM nucleus. In 
addition, 43 C heating-needle stimulation also reversed the increase in the number 
of the apomorphine-induced body rotations in PD rats. The results showed that in 
an experimental rat model of PD descending inhibition is decreased, but 43 C 
heating-needle stimulation restores descending inhibition in PD animals through a 
mechanism that involves the dopamine D2 receptor in the thalamic VM nucleus 
(Table 4).  
PD model (III)
D. Facilitation  
Table 4  Effects of heating-needle stimulation on descending control of pain
43oC   MD n.   VM n. 
D. Inhibition (D2R)
PD: Parkinson’s disease, III: study III, D.: descending, 0: no effect, : increased, 
D2R: dopamine D2 receptor
5.2 RESULTS IN HUMAN STUDY
5.2.1 DIFFERENCES IN EFFECTS OF HEATING-NEEDLE STIMULATION AT 
ACUPOINTS AND NON-ACUPOINTS ON DESCENDING MODULATION 
OF PAIN
When investigating descending control of pain in healthy human subjects, 
capsaicin (TRPV1 channel agonist; 100 g/50 l) was injected at acupoints ST36, 
ST37 and two non-acupoints to activate descending pain control circuitries. One 
non-acupoint was located between ST35 and ST36, and the other one was located 
between ST36 and ST37. Stronger pain intensity and larger pain distribution were 
observed following capsaicin treatment at acupoints than non-acupoints. Capsaicin 
treatment at acupoint ST36 induced higher pain intensity and larger pain 
distribution than that at acupoint ST37.    
 
After heating-needle stimulation for 15-45min at an innocuous temperature of 
43 C ipsilaterally at acupoint ST36, pressure pain threshold (PPT) and heat pain 
threshold (HPT) was determined at the dorsal surface of the ankle. No significant 
change in the PPTs was observed following heating-needle stimulation for 
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15-45min. However, a significantly increased HPT was found following 30-45min 
of heating-needle stimulation at the temperature of 43 C. This finding suggested 
that heating-needle stimulation for 30-45min at a temperature of 43 C applied at 
acupoint ST36 enhanced descending inhibition of pain, but exerted no effect on 
descending facilitation of pain. (Table 5) (Figure 3 in publication II).     














H.N.S.: heating-needle stimulation, PPT: pressure pain threshold, II: study II,
HPT: heat pain threshold, D.F.: descending facilitation, D.I.: descending inhibition, 
0: no effect, : increase, : decrease    
5.2.2 EFFECTS OF HEATING-NEEDLE STIMULATION AT ACUPOINT ON 
EXPERIMENTAL MUSCLE PAIN
Injection of HT (5.8%) saline at a volume of 1 ml into the trapezius muscle of 
healthy human subjects caused local muscle pain at the injection area and referred 
pain at posterolateral area of the neck and/or the temporomandibular region. 
Heating-needle stimulation applied at acupoint ST36 for 30-45min at an 
innocuous temperature of 43 C prior to i.m. injection of HT saline decreased the 
HT saline-induced VAS scores of pain (VAS peak, VAS area and VAS duration), 
areas of pain distributions at the injection and referred sites, and reduced the HPT 
at the injection area (primary heat hyperalgesia), whereas HPT in the referred pain 
area was increased (secondary heat hypoalgesia) (Table 6) (Table 1, Figure 5 and 
Figure 6 in publication II).
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M.: mechanical, H: heat, VAS: Visual Analog Scale, i.m. inj.: intramuscular injection 
H.N.S.: heating-needle stimulation, 0: no effect, : increase, : decrease, II: study II 













The main findings of the current series of studies are as follows: 
 
(1) Decreased descending inhibition and enhanced descending facilitation was 
found in rats with a partial depletion of striatal dopamine (Study III) and in rats 
with simulated weightlessness (Study I).  
(2) Non-painful intramuscular heating-needle stimulation at a temperature of 43 C 
alleviated pain by enhancing descending inhibition (Study II, III). This 
enhancement of descending inhibition was mediated by dopamine D2 receptors of 
the thalamic VM nucleus in PD model animals (Study III).  
(3) Immunohistochemical results indicated that in the spinal dorsal horn, 
descending facilitatory effect influences neuronal activity predominantly in 
superficial layers and descending inhibition in middle/deep layers (Study I). 
Together, the findings indicate that a change in descending controls may 
contribute to pain in various pathophysiological conditions, such as weightlessness 
or PD, and 43 C heating-needle stimulation provides a potential therapy for these 
pain conditions by activating the thalamic VM nucleus that triggers promotion of 
descending inhibition.   
6.1 6-OHDA-INDUCED PD
PD is known as a human neurodegenerative disorder that is characterized mainly 
by motor symptoms (Obeso et al., 2004). However, the prevalence of pain varies 
between 30 % and 95 %, and pain is an early and even a pre-motor symptom 
during the development of PD (Buhmann et al., 2017). The main pathological 
feature of PD is progressive and massive degeneration of dopaminergic neurons in 
the substantia nigra. Chemical lesion of the dopaminergic system by 
administration of the compound 6-OHDA has been used to produce an 
experimental PD model in animals (Mokry, 1995; Jackson-Lewis et al., 2012). In 
the current study III, 2 weeks after the striatal lesion with 6 g of 6-OHDA, robust 
apomorphine-induced rotation was found, which is consistent with earlier findings 
(Kaakkola & Teräväinen, 1990). In addition, no significant abnormalities in the 
Rota-rod locomotion test and body weight were observed in 6-OHDA lesioned rats. 
It has been reported that the movement deficit in forelimb stepping and skilled 
paw use is most significant when 6-OHDA is injected into three or four different 
sites, but not a single site (Kirik et al., 1998). The findings in PD rats of the current 
study are in line with that in early-stage PD patients (Domenici et al., 2019). In the 
current study, no significant effect of 6-OHDA lesion on withdrawal thresholds 
evoked by mechanical or heat stimulation was observed, whereas earlier studies 
with 6-OHDA-treated rats showed decreased nociceptive thresholds to mechanical 
or thermal stimulation (Zengin-Toktas et al., 2013; Campos et al., 2019). A novel
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finding in the present study is that descending facilitation is enhanced and 
descending inhibition decreased in PD rats exposed to the i.m. 5.8 % saline. It may 
be proposed that the pronociceptive change in descending controls is among 
mechanisms contributing to pain in PD patients. There is evidence suggesting that 
the dopaminergic system is involved in processing and control of pain sensation in 
PD, as nociceptive thresholds were restored following systemic administration of 
dopamine D2 receptor agonist in the 6-OHDA rat model (Dieb et al., 2016). Our 
current results revealed that dopamine D2 receptors in the thalamic MD and VM 
nuclei play important roles in descending modulation of pain in PD. In the current 
study, dopamine level in the striatum was decreased following 6-OHDA lesion. 
However, dopamine level in the thalamus was not measured. On the other hand, 
results in the current study showed that microinjection of dopamine into thalamic 
MD/VM nuclei reversed the changes in descending modulation of pain in 6-OHDA 
lesioned rats. This finding indicates that dopamine level in the thalamus decreased 
in PD model animals of the present study. Earlier results indicate that 
microinjection of drugs into the brain at a 3.0 l volume spreads to about a 2.9 mm 
diameter sphere (Myers, 1966) suggesting that the decrease in dopamine level in 
the thalamus may not be caused by spillover of 6-OHDA from the striatal injection 
site to the thalamus. 
 
However, it is worth noting the limitations of the 6-OHDA model. First, PD is 
an age-related disease. In current experiments, all the rats were at young age, and 
the ability of plasticity in central nervous system is much better at young age than 
in old animals. Secondly, the process of PD in patients is slow and may last for 
decades. In the present study (Study III), the progress of the 6-OHDA 
lesion-induced PD was too fast to induce compensation in the central nervous 
system, due to which the currently used rat model may not fully reflect the 
pathological changes of PD in the clinic. Furthermore, no hallmarks of PD, i.e. 
Lewy bodies, have been detected in the current 6-OHDA model. 
6.2 WITHDRAWAL REFLEX
In the present study, limb withdrawal reflex evoked by mechanical or thermal 
stimulation was used to assess pain in experimental animals (Study I, III). The 
withdrawal reflex (nociceptive flexion reflex or flexor reflex) is a spinal reflex to 
withdraw the limb from injurious agents (Sherrington, 1910). Noxious stimulation 
applied to the paw induces neuronal activity in peripheral A-  and C fibers that 
travels to the dorsal horn, in which it synapses with interneurons that further 
project to motor neurons in the ventral horn of the spinal cord. Motor neurons 
send polysynaptically excitatory and inhibitory signals to the flexors and the 
extensors, respectively, to induce the flexion reflex. Interneurons mediating the 
polysynaptic flexor reflex pathways are subject to descending control from 
supraspinal regions (Lundberg, 1969; Schomburg et al., 1998). Among supraspinal 
structures involved in the modulation of the withdrawal reflex are the cerebral 
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cortex, cerebellum, basal ganglia and various brainstem nuclei (Schomburg, 1990). 
In primates, neurons in the primary motor cortex send projections directly to 
motor neurons and interneurons in the ventral horn of the spinal cord, whereas in 
other species such as rodents the motor commands descending from the cortex 
have a relay in brainstem nuclei (Lemon, 2008). The VPL thalamus relays 
non-nociceptive and nociceptive somatosensory information to the primary 
somatosensory cortex (S1), which is of importance for the perception of touch and 
pain. However, S1 has also direct projections to the spinal dorsal horn (Casale et al., 
1988; Liu et al., 2018). The direct corticospinal projections originating in the S1 
may modulate spinal nociception (Senapati et al., 2005; Olivares-Moreno et al., 
2017; Favorov et al., 2019). Moreover, ascending somatosensory signals can arrive 
in the motor cortex through multiple pathways that include cortico-cortical 
connections from the S1 to motor cortex, a subcortical loop from S1 via the 
striatum and motor thalamus to motor cortex, and also from the VPL thalamus 
directly to the motor cortex (Horne & Tracey, 1979; Guo et al., 2018). In the 
present study, the focus was on modulation of descending pain controls by two 
intralaminar nuclei of the thalamus, MD and VM. Thalamic MD nucleus projects to 
most of the frontal cortex and the amygdala (Krettek & Price, 1977), and thalamic 
VM nucleus projects to rostral parts of the medial agranular cortex (Haque et al., 
2010). In line with these anatomical tract-tracing results, functional results 
indicate that a cortical projection from the thalamic MD nucleus activates the 
cingulate cortex and that from the thalamic VM nucleus the insular cortex (Xiao et 
al., 2015). These cortical projection areas have efferent projections to midbrain and 
pontine areas that are involved in descending regulation of nociception (Hardy, 
1986; Reep et al., 1987), which provides a plausible explanation for the modulation 
of descending pain controls by MD/VM thalamic administration of drugs in the 
present study (Study III).   
 
In a previous study, paw withdrawal reflex induced by mechanical and heat 
stimulation was chosen to evaluate experimental muscle pain (You et al., 2010). 
Secondary mechanical hyperalgesia and heat hypoalgesia were observed following 
i.m. 5.8% HT saline into the GS muscle, which is in line with the present findings 
(Study I, III). Lesioning of the RVM with kainic acid significantly depressed the 
secondary mechanical hyperalgesia and heat hypoalgesia indicating involvement of 
descending facilitatory and inhibitory controls, respectively, in the previous (You et 
al., 2010). In the earlier study, it was suggested that supraspinal structures have 
the ability to discriminate noxious mechanical stimulation-induced inputs from 
noxious heat-evoked inputs that promote descending facilitation and inhibition, 
respectively (You et al., 2010). Neurophysiological studies of primary afferent 
nerve fibers have shown that noxious mechanical stimuli preferentially activate 
nociceptive A -fibers and noxious heat stimuli C-fibers (Magerl et al., 2001). 
Electrolytic lesion of the thalamic MD and VM nuclei depressed secondary 
mechanical hyperalgesia and heat hypoalgesia induced by i.m. injection of HT 
saline, respectively (You et al., 2013). The results of this earlier lesion study are in 
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line with the present finding showing that dopamine microinjection into the 
thalamic MD nucleus attenuated descending facilitation and that into the thalamic 
VM nucleus enhanced descending inhibition in PD animal as revealed by changes 
in secondary mechanical hyperalgesia and secondary heat hypoalgesia, respectively 
(Study III). These findings of the present study support the proposal that thalamic 
MD and VM nuclei discriminate between inputs from nociceptive A - and C-fiber 
afferents, and that the thalamic MD nucleus is involved in a circuitry promoting 
descending facilitation of nociception, whereas the thalamic VM nucleus plays a 
role in a circuitry promoting descending inhibition of nociception. The finding that 
i.m. HT saline had opposite effects on mechanically and heat-evoked limb 
withdrawal responses, although the motor component of the withdrawal response 
was identical, indicates that the facilitatory and inhibitory effects in the present 
study (Study I, III) are due to actions on spinal sensory rather than motor neurons.  
6.3 EMOTIONAL INFLUENCE ON PAIN
It is important to consider the impact of emotion on pain. Accumulating evidence 
indicates that emotional state has a powerful influence on pain perception; e.g., a 
positive emotional state depresses pain (Koechlin et al., 2018). Among many areas 
of the central nervous system that have been reported to be involved in emotional 
control of pain are the anterior cingulate cortex, amygdala, midbrain PAG and 
RVM (LeDoux, 2000). In the current study, simulated weightlessness was induced 
by means of HU (Study I). Earlier rat studies indicate that HU causes only slight 
(Knox et al., 2004) or no reduction in weight gain (Wronski & Morey-Holton, 1987). 
In line with this, no signi cant differences in body weight gain were found between 
the HU and control groups (Study I). In addition, no signi cant activation of the 
corticoadrenal stress axis has been found in this model (Knox et al., 2004) 
indicating that the HU model provides a possibility to study physiological effects of 
weightlessness in an ethically acceptable fashion, with a minimal confounding 
factor induced by stress or emotions. It has been reported that, anxiety and 
depression can occur in PD patients even before the appearance of the motor 
symptoms (Faivre et al., 2019). In experimental animal model of PD induced by 
6-OHDA used in the present study (Study III), however, anxiety has not been a 
prominent feature (Branchi et al., 2008; Matheus et al., 2016), although 
depressive-like behavior has been reported in many previous studies (Shimura et 
al., 2002; Matheus et al., 2016; Ilkiw et al., 2018). It should be noted that the 
magnitude of the abnormality varies with the 6-OHDA lesion site. In the current 
study (Study III), 6-OHDA-lesion was limited to the striatum. An earlier study 
reported that 6-OHDA-lesions limited to the striatum fail to cause depressive-like 
behavior (Branchi et al., 2008).
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6.4 NEUROTRANSMITTERS INVOLVED IN PD
PD is a neurodegenerative disease associated typically with loss of dopamine 
neurons in nigrostriatal pathway. Accumulating evidence indicates that the 
decrease in other neurotransmitters including serotonin (5-HT) and noradrenaline 
(NA) also plays a role in the pathophysiology of PD (Politis & Niccolini, 2015; 
Sommerauer et al., 2018). It has been shown that noradrenergic cells in the locus 
coeruleus (LC) also degenerate in PD (Greenfield & Bosanquet, 1953; German et al., 
1992; Bertrand et al., 1997). LC modulates a variety of central functions by 
releasing NA into brain areas including neocortex, hippocampus, thalamus, 
subthalamic nucleus and substantia nigra (Atzori et al., 2016). NA and 5-HT are 
also involved in descending modulation of pain (Pertovaara, 2006; Pertovaara & 
Almeida, 2006). In addition, experimental data indicates that serotonergic and 
noradrenergic neuron dysfunction plays a crucial role in the motor and non-motor 
symptoms in PD (Kish, 2003; Peterson & Li, 2018). In the current study (Study III), 
rats were intraperitoneally injected with desipramine before i.c. microinjection of 
6-OHDA to protect the function of noradrenergic neurons. Because the focus was 
on the deficiency of dopamine, no further experiment was designed to explore the 
possible effects of the striatal 6-OHDA lesion on descending modulation of pain by 
NA or 5-HT in this study.
6.5 DIFFUSE NOXIOUS INHIBITORY CONTROLS (DNIC)
When studying descending control of pain, one specific mechanism that needs to 
be taken into account in interpretations of results is diffuse noxious inhibitory 
controls (DNIC) that is one part of the descending inhibitory control systems of 
pain. The DNIC system is activated by a conditioning noxious stimulus and it 
exerts inhibitory effect on concurrent nociceptive signals evoked at remote body 
areas (Le Bars, 2002). Ascending signals in the DNIC system are carried in the 
ventrolateral funiculi of the spinal cord and its descending inhibitory effect on 
wide-dynamic range neurons of the spinal dorsal horn is mediated by dorsolateral 
funiculi (Villanueva & Le Bars, 1995). Dorsal reticular nucleus in the caudal 
medulla is a key structure in the DNIC loop, whereas the midbrain periaqueductal 
gray (PAG) or the rostroventromedial medulla (RVM) that are important relays for 
descending pain controls are not critical for inducing the DNIC effect (Villanueva & 
Le Bars, 1995). Early studies showed that serotonergic agents could facilitate the 
DNIC system, while opioids, opioid antagonists and serotonin antagonists could 
attenuate the DNIC system (Willer et al., 1990; Le Bars et al., 1992; Bannister et al., 
2016). More recent studies have shown that also noradrenaline acting on spinal 
2-adrenoceptors is involved in DNIC and that the role of serotonin in DNIC is 
complex and varies depending on whether serotonin acts on pain facilitatory 
5-HT3 receptors or pain inhibitory 5-HT7 receptors (Bannister & Dickenson, 2017). 
Also, dopamine acting on spinal dopamine D2 receptors has been shown to 
Discussion 
51 
contribute to the DNIC effect (Lapirot et al., 2011). It has been proposed DNIC is 
involved in the detection of nociceptive signals as a filter that extracts and 
amplifies potentially dangerous alarm signals (Villanueva & Le Bars, 1995). 
Deficiencies of DNIC have shown to underlie, at least partly, the development of 
chronic pain e.g., in headache, osteoarthritis and fibromyalgia (Lautenbacher & 
Rollman, 1997; Kosek & Ordeberg, 2000; Renton, 2017). However, one human 
study reported no alterations of the DNIC effect in PD patients suggesting that 
DNIC mechanisms do not play an important role in pain in PD (Mylius et al., 
2009), whereas activity in descending inhibitory circuits was attenuated in a tonic 
fashion in animals with experimental PD in the present study. In general, DNIC 
effect has been demonstrated using short-lasting noxious conditioning stimulation 
(seconds-minutes), while in the present series of studies noxious conditioning 
muscle stimulation used to activate descending controls in a tonic fashion was 
long-lasting (days-weeks). Additionally, while DNIC effect has a short onset 
(seconds), activation of descending inhibition as revealed by secondary heat 
hypoalgesia following i.m. injection of HT saline had a long onset (one day; Study 
I-III). Therefore, descending inhibitory mechanisms studied in this thesis, at least 
partly, differ from those underlying DNIC. In line with this proposal, thalamic 
nuclei were shown to contribute to regulation of tonic descending controls assessed 
in the present study (Study III), whereas there is no published evidence about the 
contribution of thalamic mechanisms to DNIC. Furthermore, heating-needle 
stimulation applied at a non-painful temperature of 43 C proved to enhance 
descending inhibitory controls in the present study (Study II, III), whereas 
activation of DNIC is considered to require conditioning stimulation at a 
noxious/painful intensity. This finding further supports the proposal that the 
enhancement of descending inhibitory controls by 43 C heating-needle stimulation 
in the present study was not due to activation of DNIC.  
6.6 POTENTIAL CLINICAL IMPLICATIONS
From a clinical perspective, the present results support the proposal that 
dysregulation of descending pain control may contribute to pain in various 
pathophysiological conditions, including PD. Selective enhancement of descending 
pain inhibition by intramuscular heating-needle stimulation at a non-painful 
temperature of 43 C that recruits innocuous C-fibers may provide an alternative 
treatment method for pain in PD and some other pathophysiological pain 




In animal studies: 
(1) Under simulated weightlessness and in experimental PD, endogenous 
descending facilitation of pain is enhanced and endogenous descending inhibition 
of pain is decreased. 
(2) In the spinal dorsal horn, superficial layers are involved in descending 
facilitation and deep/middle layers in descending inhibition. 
(3) Dopaminergic hypoactivity in the thalamic MD and VM nuclei plays an 
important role in the abnormal descending modulation of pain in experimental PD.  
(4) Dopamine D2 receptors in the thalamic VM nucleus are involved in the 43 C 
heating-needle stimulation induced enhancement of descending inhibition of pain 
in experimental PD.   
 
In human study: 
43 C heating-needle stimulation for 30-45min enhances descending inhibition, 
and 43 C heating-needle stimulation at acupoints produces greater descending 




The present series of studies demonstrated that superficial layers of the spinal 
dorsal horn are involved in descending facilitation and deep/middle layers in 
descending inhibition (Study I). Earlier studies have shown that multiple 
neurotransmitters/receptors are involved in mediating descending modulation of 
pain in the spinal cord dorsal horn (Dickenson, 2019). However, it is still unclear 
which neurotransmitters/receptors are involved in descending modulation of pain 
under simulated weightlessness condition. This still needs to be studied. 
 
The present results in healthy subjects indicated that 43 C heating-needle 
stimulation for 30-45min enhances descending inhibition, and that stronger 
descending inhibition was produced by the heating-needle stimulation applied at 
acupoints than control sites (Study II). Future studies are needed to assess whether 
heating-needle stimulation applied using these stimulus parameters effectively 
activates descending inhibition of pain also in patients with chronic pain. In 
addition, by using brain imaging technology, such as functional magnetic 
resonance imaging (MRI) or positron emission tomography (PET), it may be 
possible to reveal the central mechanisms underlying the heating-needle 
stimulation induced pain relief in humans.   
 
In study III, changes in descending modulation of pain and the effect of 43 C 
heating-needle stimulation on pain modulation were explored in rats with 
early-stage PD. In future studies, it is necessary to uncover changes in descending 
modulation of pain in PD rats at different stages of the disease; i.e., not only in the 
early stage as in the present study, but also at later stages. The present results 
demonstrated a dopamine deficiency in thalamic MD/VM nuclei as a cause for the 
increase in descending facilitation and decrease in descending inhibition in PD rats. 
Earlier studies have shown that other neurotransmitters including serotonin and 
noradrenaline also play potential role in the pathophysiology of PD (Politis & 
Niccolini, 2015; Sommerauer et al., 2018). Therefore, future studies are needed to 
determine whether deficiencies in the serotonin and noradrenaline systems 
contribute to the abnormality of descending modulation of pain in PD. In addition, 
while 43 C heating-needle stimulation proved to have therapeutic effects in PD rats 
through action on descending modulation of pain, it remains to be studied whether 
this therapeutic effect can be induced with heating-needle stimulation also in PD 
patients.   
 
In the current series of studies, experiments were performed only in males 
(both in the animal and human studies). Numerous studies have shown sex-related 
differences in pain perception and pain modulation (Lei et al., 2011; Lei & You, 
2012; Nasser & Afify, 2019). In the future, main results of the present series of 
studies need to be replicated in females to find out whether there are 
gender-related differences in the effect of weightlessness and PD on descending
Future prospects 
54 
modulation of pain and whether heating-needle stimulation is as effective in 
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